Competition isotherms are used to identify the set of cellulose substructures to which cellulose binding modules (CBMs) from 
Introduction
2, the binding of the CBMs to cellulose was unaffected by the conjugated dyes. For each CBM except CBM9-2, the binding isotherm for the AX or OG labeled CBM measured by the depletion method and 280 nm absorbance readings was indistinguishable from that measured for the respective unlabeled CBM, indicating that the tag had no measurable effect on binding properties. Details concerning measurement of isotherms by the depletion method are provided in reference (16) . CBM9-2-AX did not bind to cellulose, and therefore was not used in our studies. The extent of labeling was calculated from the extinction coefficients (86,000 M -1 for OG and 18,500 M -1 for AX). Preparations of labeled CBMs were diluted with the corresponding unlabeled CBM to give final concentrations appropriate for the sensitivity of the fluorimeter. The concentrations of the final solutions were determined by reference to a standard curve.
Binding experiments
The affinities of CBMs for insoluble cellulose were determined by regressing binding isotherm data to a modified Langmuir-type binding model as described previously (16) . Competition between CBMs for binding to cellulose was determined by obtaining an adsorption isotherm for a CBM-OG in the presence of a constant excess of a CBM-AX, or vice versa, using microcentrifuge tubes blocked with BSA to minimize non-specific adsorption of the CBMs to the tubes. Exchange between CBM2a-OG in solution and CBM2a-AX bound to cellulose was determined as follows. CBM2a-AX (final concentration ~ 20 µM) was incubated with and without 1 mg of BMCC (total volume 1 mL) for 3 h at 4°C. After centrifugation at 13,000 rpm, 900 µl of the supernatant solution were removed from each tube. The amount of CBM2a-AX bound to the cellulose was calculated from the difference in fluorescence of the samples with and without cellulose and reference to a standard curve. Previously, we showed that CBM2a remains irreversibly bound to cellulose in the absence of protein in the supernatant phase (19) . Each BMCC pellet was therefore washed three times with 900 µl of 50 mM potassium phosphate buffer (pH 7.0) by centrifugation. Cellulose pellets were re-suspended in three different concentrations of CBM2a-OG: (~2, ~4 and ~15 µM) and incubated for three hours. After centrifugation, the concentrations of CBM2a-OG and CBM2a-AX in the supernatants were determined by fluorescence. The concentrations of CBM2a-AX and CBM2a-OG adsorbed to the cellulose were calculated from the differences in fluorescence between the starting and final solutions.
Cross-polarization/magic angle spinning (CP/MAS) Solid state NMR
Solid state NMR spectra were obtained with a Bruker DSX-400 spectrometer, operated at frequencies of 400.13 MHz for 1 H and 100.61 for 13 C and using a 4 mm triple-tuned probe with zirconia rotors and Kel-F caps. Chemical shifts were referenced to tetramethylsilane (TMS) using adamantane as a secondary reference for 13 C spectra. The 1 H→ 13 C CP Hartmann-Hahn match condition was achieved using adamantane. Unless specified otherwise, all spectra were collected at room temperature on wet samples (estimated to be 40%-60% water content) at a spinning rate of 5 kHz. Cellulose spectra were the sum of 40,000 scans, collected using a standard CP pulse sequence: a 4.5 µs proton 90° pulse, a 1000 µs contact pulse and a 2 s delay between repetitions.
No line broadening or resolution enhancement was applied during processing of the data.
internal crystalline regions of the microfibril give rise to a sharp downfield signal at ∼89 ppm; C-4 atoms that are at the cellulose surface, or within significantly less-ordered, amorphous structures, give rise to the broader upfield signal at 84 ppm (22). Based on the relative areas of the signals at 89 ppm and 84 ppm, a large proportion of the glucose monomers in BMCC are internal and highly ordered, indicative of significant crystallinity (Fig. 1a) . The proportion of ordered monomers is smaller in Avicel (Fig. 1b) , and very much smaller in PASC (Fig. 1c) 
where [F] x is the equilibrium concentration of CBM-X in the solution phase. Equation (1) 
where
where ( The model was tested using CBM2a labeled with two different fluorescent probes, AX and OG.
Increasing concentrations of CBM2a-OG were equilibrated with BMCC in the presence of a fixed concentration (11 µM or 15 µM) of CBM2a-AX. Figure 3a shows that the presence of 11 µM CBM2a-AX greatly reduces the initial slope of the binding isotherm for CBM2a-OG. (Fig. 3a) . The presence of free CBM2a-OX in the absence bound protein is indicative of the presence of a small factors that contribute to the absorbance reading not specific to CBM2a. As a result, all isotherm data were regressed using a modified form of the Langmuir isotherm model which corrects for these nonspecific effects. This effect and the regression process are described in detail by At high concentrations of CBM17 (near saturation) only about 10% of the bound CBM2a was displaced.
CBM9-2 binds specifically to the reducing ends of sugars (4,6); its binding site accommodates only two sugar rings, such as cellobiose. Alone, it binds to PASC with an affinity of 0.63 (± 0.04)
x 10 6 M -1 at a sorbant capacity of 8.4 (± 0.1) µmol· g -1 (Table 1 ). Figure 6a shows that the presence of 8 µM CBM9-2 does not affect the binding affinity of CBM2a; in the presence of near saturating levels of CBM9-2, the apparent affinity of CBM2a-OG decreased slightly from 2.3 x 10 6 M -1 to 1.7 x 10 6 M -1 (Figure 6b ). Figures 7a and 7b) ; similarly, K a,Apparent /K a = 0.28 for binding of CBM2a-OG to BMCC in the presence of 12.5 µM Cel6A-CBM2a-AX (Figure 7c ).
CBM2a in competition with
This indicates that the majority of Cel6A-CBM2a bound to the cellulose surfaces directly competes with CBM2a. As bound CBM2a approaches saturation, the fraction of bound Cel6A-CBM2a is decreased to approximately 10% (Figure 7d ).
CBM4-1 in competition with CBM17. CBM4-1 and CBM17 have similar substrate specificities.
Both bind amorphous cellulose, as well as cello-oligosaccharides greater than 5 or 6 glucose units in length (7, 17, 30, 31) . CBM17, however, binds to PASC with approximately 4-fold higher affinity and capacity than does CBM4-1 (Table 1 ). does not proceed under thermodynamically favorable conditions, the sorbate exchange reaction
can proceed, but results in no net reduction in surface concentration. In equations (4) and (5) Table 4 provides a new classification system for cellulose based on CBM binding specificities.
Two classes of crystalline cellulose are defined, along with three distinct classes of amorphous cellulose. Crystalline cellulose is defined as cellulose that binds CBM2a, Cel6A-CBM2a, and CBM3, but does not bind CBM4-1, CBM9-2 or CBM17. Creagh et al. (1996) report results for binding of CBM2a on BMCC that indicate the existence of two classes of binding sites on the crystalline cellulose surface. The first, which we designate Class I crystalline cellulose, binds CBM2a relatively strongly, with an affinity and capacity similar to that reported here ( Table 1 Our results also indicate the existence of at least three classes of amorphous cellulose based on CBM binding specificities. Competition isotherm data indicate that CBM9-2 binds to unique sites within the amorphous cellulose architecture, consistent with its structure that shows binding is specific to the reducing ends of sugars (4, 6) . Class I binding sites on amorphous cellulose are therefore defined as those which bind CBM9-2, but do not bind CBM2a, CBM4-1 or CBM17.
Only a small fraction of bound CBM17-OG is displaced as binding of CBM4-1 approaches saturation. Class II amorphous cellulose is therefore defined as that which binds CBM17, but does not bind CBM2a, CBM4-1 or CBM9-2. Similarly, class III amorphous cellulose binds CBM4-1, but does not bind CBM2a, CBM9-2 or CBM17. Class IV amorphous cellulose binds both CBM4-1 and CBM17, but none of the other CBMs tested. Competition-isotherm studies using a broad set of CBMs covering all cellulose-binding families therefore appear to provide a useful method for classifying cellulose samples. This will be particularly valuable if the presence of certain classes of cellulose within a sample can be correlated with desirable paper and textile properties such as fiber adhesiveness and surface area. Further competition experiments using an 30. 
